Introduction

29
While significant progress has been made in recent years in seeking alternative renewable forms 30 of energy, at present most of these advances provide energy in the form of electricity. Oil 31 remains the world's leading fuel amounting to 32.6% of the global energy consumption in 2014 32 (BP, 2015) and highlights the need for alternative sources of liquid transportation fuels to replace 33 the over reliance on this diminishing commodity.
34
Liquid biofuels offer a promising alternative to petroleum based transportation fuels (Demirbas, 35 2011; Mata et al., 2010) . Production from seed oil and cellulosic ethanol however cannot satisfy 36 the current demand and impact negatively on both food and water security (Chisti, 2007; Norsker 37 et al., 2011 ). In addition, whilst substituting gasoline with biofuels should reduce global CO 2 38 emissions which grew by an estimated 0.5% in 2014 (BP, 2015) , changes in land use to provide 39 sufficient feed stock is predicted to actually increase the greenhouse gas emissions by as much as 40 50% (Searchinger et al., 2008) .
41
The use of microalgae has generated considerable interest as a high impact source of bioenergy 42 and chemical feedstock (Hannon et al., 2010) ; growth facilities could be located adjacent to or 43 within aquatic environments or on marginal land which, if coupled with the use of marine algal 44 species, would reduce the impact on decreasing fresh water supplies (Chen and Smith, 2012) .
45
These photosynthetic microorganisms have low input nutrition requirements when compared to 46 non photosynthetic microbes for light and whilst producing large amounts of biomass over short 47 periods of time (Brennan and Owende, 2010) Additionally light delivery can be optimised, 48 nutrients recycled and more importantly using closed systems the rate of photosynthesis can be 49 improved through the maintenance of high CO 2 concentrations and optimal production 50 conditions such as temperature and pH. All algae have the capacity to produce energy rich oils 
53
Despite technical advances algal derived biofuels remain uncompetitive with present day fossil 54 fuels (Norsker et al., 2011 ) . The use of hydrothermal liquefaction (HTL) may improve the 55 economics since there is no need to dry the material first and the process can recover up to 80% 56 of the carbon and up to 90% of the chemical energy originally present in the microalga as either 57 bio-oil or gas products (Brown et al., 2010; Elliott et al., 2015) .
58
Improving the overall lipid accumulation within algae normally requires an increase in the lipids 59 stored in the form of triacylglycerol (TAGs) and it is well-known that many algae accumulate
60
TAGs in large quantities during the stationary phase of culture growth (Spolaore et al., 2006) . To engineering of optimal strains is likely to be faster and more efficient in terms of TAG 67 production (Chen and Smith, 2012) . It should be noted however that engineering an efficient 68 pathway for the production of a specific product could then inhibit through feedback inhibition.
69
Conversion of fatty acids into TAGs serves the algae in two main ways, firstly allowing carbon positions of a glycerol-3 phosphate molecule followed by de-phosphorylation to form 76 diacylglycerol (DAG). The last and only committed step in TAG biosynthesis is the acylation of 77 DAG at the sn-3 position, and it is catalysed by the activity of diacylglycerol acyltransferase 78 (DGAT) (Kennedy, 1961) . This enzyme has significant potential for biotechnological purposes, 
88
DGAT has also been proposed to be the rate limiting enzyme in storage lipid accumulation 89 (Ichihara et al., 1988; Perry et al., 1999) and it has been shown that overexpression of this 
92
Previous work (Beacham et al., 2014) Full length DGA1 gene (NCBI Reference Sequence: NM_001183664.1) (Goffeau et al., 1996) 129 was amplified from the gDNA of Saccharomyces cerevisiae strain BY4742 using primers 
Lipid analyses.
167
Since HTL is impractical on a small scale, fatty acid concentrations and profiles in microalgal FAMEs were recovered by addition of 1 % w/v NaCl solution (1 mL) and n-hexane (1 mL) 175 followed by vortexing. The upper hexane layer was injected directly onto the GC-MS system as 176 previously described (Beacham et al., 2015) . FAMEs were identified using retention times and 177 qualifier ion response and quantified using respective target ion responses. All parameters were 178 derived from calibration curves generated from a FAME standard mix (Supelco, Sigma-Aldrich,
179
Gillingham, Dorset, UK). 
Results and Discussion
214
To determine if we could improve the overall lipid accumulation of N. salina during the active 215 culture growth phase, we generated DGA1+, hyg+ mutants, using Agrobacterium tumefaciens accompanied by an increase in the maximal cell density of 13-15% though this increase was not 231 statistically significant in either mutant.
232
Reduction in growth rate in the mutants was not unexpected and is similar to that observed in and is fully reversible (Meyer, 2000) . One possibility therefore is that the DGA1 gene has Total FAME content was elevated in both NBF22-8 and NBF22-9 during the first 23 days 317 compared to the wild type control, but during subsequent time points the lipid content of these 318 strains fell back to levels comparable with the control (Table 1) 
327
Lipid production on an industrial scale will likely require a semi continuous culturing system 328 where the culture is maintained and harvested in an active growing state. As such the overall 329 lipid productivity for each strain was assessed for the period of mid exponential growth (Table   330 1). The elevated lipid content of NBF22-8 was translated into a significant increase in overall 331 productivity despite a decreased growth rate. For NBF22-9 however the reduction in growth rate 332 cancelled out the gains in lipid accumulation and the overall productivity of this transgenic strain
333
was not significantly different from the wild type control.
334
Despite the DGA1 gene being silenced early in growth the recombinant strains continued to 335 maintain an elevated lipid content well beyond the point when the DGA1 gene had been silenced.
336
It has been shown that in non-adipocytes lipid storage can be induced by various stimuli Alterations in the fatty acid profiles of both NBF22-8 and NBF22-9 saw a reduction in palmitic 348 acid (C16:0) and linoleic acid (18:2) and a corresponding increase in C18:1 content (Table 2) .
349
Arachidonic acid (C20:4) and eicosapentaenoic acid (C20:5) were also elevated compared to the 350 control and the overall level of unsaturation was increased in the transition and stationary phases.
351
For both DGA1+ strains, the overall level of stored lipid returned to levels comparable with the well known that an increase in lipid accumulation is frequently accompanied by a reduction in 388 growth rates as more resources are diverted to energy storage and away from propagation.
389
Choice of transgene is therefore important both for the level of activity and substrate specificity- 
401
It is interesting to note that the duration of transient expression appears to be longer for NBF22-8 402 compared with NBF22-9 ( Fig. 2A) and that the growth rate is also faster (Fig. 1) . NBF22-8 also 403 demonstrates greater mid-exponential productivity (Table 1 ). This suggests that whilst both especially if the product is toxic to the host, unstable or energetically expensive to synthesise. 
